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Influence of diagonal bracing restraint on cold-formed steel
perforated columns under axial compression
Chong Ren1, Xianzhong Zhao2
Abstract
This paper presents a numerical investigation on the influence of diagonal
bracing restraint on cold-formed steel perforated columns subjected to axial
compression. Finite element method (FEM) is employed to analyse the
structural behaviour of perforated columns. The results obtained from the
present study highlight the influence of diagonal bracing restraint on
post-buckling of columns, and the distortional-flexural mode interaction is
also discussed. Furthermore, the accuracy of the present model is validated
by comparing the results against the available experimental data.
Keywords: Finite element method, cold-formed steel perforated columns,
axial compression, distortional-flexural buckling interaction.
Introduction
The advantage of using a cold-formed section is not only high
strength-to-weight ratio but also lightness of the member, and flexibility
that such members can be produced in a wide variety of sectional profiles,
these advantages lead to more cost-effective designs. Cold-formed steel
perforated section columns are widely used as main structural members in
steel storage racks. The perforations along the length on the column are
allowed the beam to be connected at variable heights, and the steel bracings
are usually bolted to column and performed to stiffen the framework (see
Figure 1).
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The increasing demands of cold-formed steel storage racks in the industry
have attracted many researchers into their structural behaviour and design
methods. Series of compression tests of perforated columns were carried out
by Moen and Schafer (2008), Roure et al (2011) and Casafont et al (2011
and 2012). With the advance of modern computational technology,
numerical methods can usually be effectively used to overcome the problem,
for example, Moen and Schafer (2009a) developed a procedure of
convenient alternative to full finite element eigen-buckling analysis to
predict the elastic buckling load or moment of cold-formed steel beams and
columns including the influence of holes. Casafont et al (2012) reported an
investigation on the use of the Finite Strip Method (FSM) to calculate
elastic buckling strength of perforated cold formed storage rack columns.
Moen and Schafer (2009b) reported the tentative to use of the direct
strength method (DSM) for perforated thin-walled sections, but, at the end,
they conclude that it still not possible to avoid testing in the design of
storage rack structures.

Figure 1. The system of perforated column and diagonal bracing.
Cold-formed steel sections may have local, distortional, and lateral-torsional
buckling or flexural buckling modes. The interactions between different
buckling modes and between buckling and material yield are significantly
important for understanding the structural behaviour of cold-formed steel,
several researchers have investigated the behaviour of buckling interactions.
For example, the behaviour of interaction between local and distortional
buckling on the thin high strength steel was provided by Yang and Hancock
(2004). Kwon et al. (2009) experimentally investigated the interaction
between

distortional

buckling

and

material

yield.

Nandini

and

Kalyanaraman (2010) investigated the interactions of buckling failure by
using finite element method. Crisan et al (2012) experimentally studied the
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interaction between distortional and other buckling modes of perforated
members. Dinis et al. (2007) investigated the elastic and elastic-plastic
post-buckling behaviour of cold-formed steel lipped channel columns
affected by distortional and flexural-torsional buckling mode interaction.
Due to the complex nature and the limitations research of perforated
members, the interaction between distortional buckling and other failure
modes such as flexural buckling is considered to be sufficiently important to
warrant further investigation.
Most studies of structural behaviour solely focus on cold-formed steel
section columns themselves. However, some investigates put more effort
into structural member combination system, such as purlin-sheeting systems.
Lucas et al. (1997a and 1997b) studied the interaction between the sheeting
and purlins using finite element methods. Li (2004) presented an analytical
model and used energy methods to study the lateral-torsional buckling of
cold-formed zed-sections, partial laterally restrained by anti-sag bars and
sheeting with various boundary conditions under uniformly distributed
gravity or uplift loads. Li et al (2012) and Ren et al (2012) described the
purlin-sheeting systems of zed- and channel-sections subjected to transverse
uniformly distributed uplift loading. For an effective and practical design,
the perforated column and diagonal bracing system is considered as the
main aspect for understanding the structural behaviour of cold-formed steel
perforated section columns.
In this paper, the influence of diagonal bracing restraint on cold-formed
steel perforated columns subjected to axial compression is investigated
using the finite element analysis (ABAQUS, 2007). The analyses include
the imperfection sensitivities analysis to obtain the distribution and
magnitude of imperfections, and also include the elastic-plastic nonlinear
analysis

to

obtain

the

ultimate

load.

The

influence

of

the

distortional-flexural mode interaction on the post-buckling behaviour is
discussed for perforated columns of different lengths. To validate the
accuracy of the present model, the experimental results are used to compare.
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Finite element analysis models
The analysis of cold-formed steel perforated section columns involves
obtaining the nonlinear static equilibrium solution of an unstable problem.
For the purpose of simulate the structural behaviour of cold-formed steel
perforated section columns, a cold-formed steel perforated section member,
having a dimension of channel-section with rear flanges and additional lip
stiffeners is shown in Figure 2. The material properties of the member are
assumed as that, both elastic and plastic are considered in the nonlinear
finite element analysis. The Young’s modulus E = 206GPa, Poisson’s ratio
v = 0.3 and the yield strength are 370 MPa. According to the characteristic
of cold-formed steel which is the yield strength is constant during the
variation of the plastic strain. Due to rigid restraint imposed at bracing-bolt
connection, in which two channel-section bracings are inserted into opening
of column and are combined and fixed by bolt (see Figure 3(left)). The
diagonal bracing can be assumed to be fully restrained against lateral,
vertical and rotation about longitudinal direction (U1=U2=UR3=0) at the
place where the bracing is bolted, and according to WAP design manual
(2012) the distance between bolt connected bracings is 600mm, as shown in
Figure 3(right). The boundary conditions at both ends of the member are
restrained at the centroid of cross-section and all the displacements of
cross-section at end are tied to the centroid by coupling constraint. The
boundary conditions at the centroid of loading side, the lateral and vertical
components of the displacement and the rotation of longitudinal direction
are assumed to be zero (U1=U2=UR3=0). The boundary conditions at the
other end are assumed to have restraint about lateral, vertical, longitudinal
displacements

and

the

rotation

of

longitudinal

direction

(U1=U2=U3=UR3=0). The member is subjected to an axial compression,
which is acting at one end of the centroid of cross-section. By using the
modified Riks method built in ABAQUS, the elastic-plastic nonlinear
analysis is to determine the load-axial displacement response curve and the
limit load. The four-node shell element of reduced integration scheme built
in ABAQUS is employed to carry out the static linear and nonlinear
analysis. The element used is a thin, shear flexible, isometric quadrilateral
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shell element. In order for the results obtained from the finite element
analysis to be accurate enough, the element size used in the finite element
mesh is kept to be 5 mm. Figure 4 shows the typical meshes of perforated
column used in the analysis. In tests of numerical models with different
meshes, it can be shown that this kind of mesh is accurate enough as any
further reduction or enlargement in element size (i.e. 10 mm) has negligible
influence on the obtained results.

Figure 2. Dimensions of cross-section and perforations.

Figure 3. Left: Bolted connnetion of column and bracing. Right: Upright
frame.

Figure 4. Finite element mesh.
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Imperfection sensitivity analysis
Cold-formed steel are known to be imperfection sensitive due to the
sections were manufactured, delivered and installed. Imperfection
sensitivity analysis is necessary to conduct and analyse, and selection of the
distribution and magnitude of imperfections is significant. For distribution
of imperfections, employ at least two fundamentally different eigenmode
shapes summed together. The magnitudes of imperfections adopted in the
model are determined by a trial and comparison process. Five different
magnitudes are selected for each buckling mode, i.e. 25%, 50%, 75%, 95%
and 99% of the corresponding cross-sectional thickness. They represent
lower quartile, middle value, upper quartile and approximated thickness of
the measured imperfection sizes, respectively. These chosen magnitudes
and distributions are based on the imperfection study by Schafer and Pekoሷ z
(1998). Table 1 shows imperfection sensitivity analysis of perforated
columns in different lengths. In order to ensure the model chosen here is
appropriate, the experiment data (2012) are used to validate. The extensive
experiment was carried out at Tongji University and obtained experimental
data regarding the behaviour of pallet rack uprights. It can be found that
compare with ultimate load obtained from test, the first eigenmode shapes
are selected as the distribution of imperfection. The predicted ultimate load
of 75%, 95% and 75% of thickness are in very good agreement with the
experimental results and are chosen to be the magnitude of imperfection for
700mm, 1200mm and 1800mm, respectively.
Table 1. Imperfection sensitivity analysis
Magnitude

Pu,eigenmode 1 (KN)

Pu,eigenmode 2 (KN)

Pu,test (KN)

0.25t

165.2

176.4

148.6

0.50t

156.6

168.4

0.75t

149.2

164.2

0.95t

144.4

161.1

0.99t

143.4

160.5
(a) 700mm
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Magnitude

Pu,eigenmode 1 (KN)

Pu,eigenmode 4 (KN)

Pu,test (KN)

0.25t

151.7

169.0

128.0

0.50t

140.8

163.9

0.75t

132.7

159.4

0.95t

127.1

155.6

0.99t

126.1

155.4
(b) 1200mm

Magnitude

Pu,eigenmode 1 (KN)

Pu,eigenmode 3 (KN)

Pu,test (KN)

0.25t

140.0

144.5

119.7

0.50t

129.7

136.3

0.75t

122.0

129.4

0.95t

116.6

124.8

0.99t

115.7

124.0
(c) 1800mm

Results of nonlinear finite element analyses
For a given column length and bracing restrained position, one can obtain
the load-displacement curve from the finite element analysis. Figure 5
shows the load-displacement curves of perforated column of length L=700
mm for the column with and without bracing restraint. For cases where the
column is restrained by bracing it is assumed that the position of the bracing
is at the centre of the span (for one bracing). It should be pointed out that
two bracing restraints are neglected due to the two bracing restraints is close
to the end supports and the influence is not obvious. It can be seen from this
figure that the loads for both curves increase with the displacement until the
loads reach the ultimate load points. After their limit point, the loads
decrease with further increased displacement, indicating that the failure of
the column is a typical buckling failure. As would be expected, the limit
load for column with bracing restraint is higher than column without
bracing restraint. This reveals that the bracing restraint has significant
influence on the performance of perforated column. Figure 6 shows the test
failure sample (100-80-2-h-700) of perforated column without bracing

608

restraint. It can be seen that for 700mm length of perforated column without
bracing restraint the buckling failure mode is mainly controlled by the
interaction

of

distortional-flexural

buckling,

which

the

rear

flange-additional lip stiffener motion is inward (d-) and web-front flange
junction moves outward (f+). It is worth noting here that (d-) and (d+)
represent inward and outward motion of the rear flange-additional lip
stiffener in distortional buckling and (f-) and (f+) indicate inward and
outward deflection of the web-front flange junction in flexural buckling.
Figure 7 shows FEM post-buckling analysis of the deformed shapes of short
length perforated column (L=700mm) with and without bracing restraint
when the loads reach their ultimate load points. The deformed shapes are
divided into five different regions of cross-section view to identify the
buckling failure mode. The comparison of the failure modes between
experimental and numerical results of perforated column without bracing
restraint consistently agree well. However, it is also observed from Figure 7
that the failure mode of perforated column with bracing restraint is
distortional buckling. Under bracing restraint at middle of perforated
column the outward flexural deflection of flexural buckling at cross-section
region 3 is eliminated, and the inward distortional deflection at
cross-section region 4 is altered to outward distortional deflection. This
evidences the bracing restraint has important influence not only on the
ultimate load but also on its failure mode, and the bracing restraint located
at the important position has considerable influence on the half-wavelength
distribution.
200
180
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140

Load, kN

120
100
80
60
40
Without bracing restraint
With bracing restraint

20
0

0

0.2

0.4

0.6

0.8
1
1.2
Axial shortening, mm

1.4

1.6

1.8

2

Figure 5. Load-displacement curves of perforated column with and without
bracing restraint (100-80-2-h, L=700 mm).
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Figure 6. Experimental result for 100-80-2-h-700, without bracing restraint.

Figure 7. Deformed shapes of perforated column at failure point
(100-80-2-h, L=700 mm). Top: Without bracing restraint. Bottom: With one
bracing restraint.
Figure 8 shows the load-displacement curves of perforated column of length
L=1200 mm for the column without bracing restraint, with one bracing
restraint and with two bracing restraints. The locations of bracing restraints
are at middle of column for one bracing restraint and at the 1/3 and 2/3
length positions of member for two bracing restraints. As mentioned above,
the typical buckling failures are the main failure reason of the column with
three different restrained conditions, and the ultimate loads improves
dramatically with increased number of the bracing restraint. The ultimate
load of column with two bracing restraints is increased by approximately 30%
compared with no restraint member; hence, it is important to consider the
effect of bracing restraint in the perforated column for an effective and
practical design. For test specimen 100-80-2-h-1200 without bracing
restraint,

the

failure

mode

demonstrates

an

interaction

of

distortional-flexural buckling mode as shown in Figure 9. It can be observed
inward (d-) deflection of distortional buckling at rear flange-additional lip
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stiffener and outward (f+) deflection of flexural buckling at web-front
flange junction, which are almost similar with the failure mode obtained
from FEM post-buckling analysis, as illustrated in Figure 10(top). Apart
from the outward (f+) web-front flange junction deflection of flexural
buckling eradicated at bracing restraint place, the high similarity of
distortional-flexural buckling interaction between no bracing and bracing
restraint is shown in Figure 10(middle). However, buckling failure mode is
changed when two bracing restraints involve, in which only distortional
buckling can be found at the middle of perforated column, see Figure
10(bottom). This is because these two bracing restraints immobilise the
inward/outward deflection of rear flange-additional lip stiffener, thereby
re-distribute the stress and the half-wavelength of column.
Figure 11 presents the load-displacement curves comparison of perforated
columns (L=1800) mm for the column without bracing, with two bracing
and with three bracing restraints. It should be mentioned here that the
diagonal bracings are continuous distribution, and the number of bracing
depends on the length of the column. Thus, for the case of the length is
1800mm, the numbers of bracing restraints are two bracing or three bracing
restraints. The two bracing restraints separate the column in three equal
lengths and the three bracing restraints locate at the positions at 300mm
away from both ends and at middle of the column. This arrangement of
bracing is to ensure the distance between bracings is 600mm. The ultimate
load doesn’t rise necessarily with increased number of bracing restraints.
However, the ultimate load obtained from three bracing restraints is higher
than the ultimate load gained from no bracing restraint, but lower than the
result of two bracing restraints. This reveals that the positions of bracing
restraints have significant influence on the distribution of half-wavelength
and consequently effect the performance of perforated column. Figure 12
shows the failure mode of test specimen 100-80-2-h-1800 without bracing
restraint and the distortional-flexural buckling interaction occurs at the
place of quarter length to its loading point. FEM simulation provides the
deformation shape of member is shown in Figure 13(top). The inward and
outward deflections of distortional buckling (cross-section region 2 and 4)
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combines outward deflection of flexural buckling (cross-section region 2, 3
180
160
140

Load, kN

120
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Without bracing restraint
With bracing restraint
With 2 bracing restraints
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Figure 8. Load-displacement curves of perforated column with and without
bracing restraint (100-80-2-h, L=1200 mm).

Figure 9. Experimental result for 100-80-2-h-1200, without bracing
restraint.

Figure 10. Deformed shapes of perforated column at failure point
(100-80-2-h, L=1200 mm).Top: Without bracing restraint. Middle: With
one bracing restraint. Bottom: With two bracing restraints.
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and 4), indicating that for length is 1800mm, the distortional-flexural
buckling interaction is the main failure of perforated column without
bracing restraint. Figure 13(middle) and (bottom) illustrate the FEM
deformation shapes of the perforated column with two bracing and three
bracing restraints when it reached limit load. It is noted that the
cross-section are increased to 7 regions in order to properly investigate the
sectional deflections. Figure 13(middle) shows the outward deflections (d+)
of rear flange-additional lip stiffener at cross-section region 2 and 6, and the
inward deflections (d-) at cross-section region 4, indicating only distortional
buckling exists in the perforated column with two bracing restraints. In
contrast, as shown in Figure 13(bottom) the outward motion (d+) of
distortional buckling and inward deflection (f-) of flexural buckling at
cross-section region 3 and the inward motion (d-) of distortional buckling
and outward deflection (f+) of flexural buckling at cross-section region 5
demonstrate that the interaction of distortional-flexural buckling is the main
aspect of buckling failure for perforated column with three bracing
restraints. This figure reveals that not only the numbers of bracing restraints
have significant influence, but also the positions of bracing restraints have
important impact on the buckling failure mode. It is worth noting here that
the interaction reduces the capacity of perforated column. For practical
reasons, it is not allowed to have distortional buckling, but if stable buckles
can be tolerated, a reasonable gain follows in structural efficiency. However,
once the flexural buckling steps in, the occurrence of interaction of
distortional-flexural buckling generally promotes rapid failure. The
numerical simulations verify the negative influence of distortional-flexural
buckling interaction reduces the capacity of the perforated columns.
160
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100
80
60
40
Without bracing restraint
With 2 bracing restraints
With 3 bracing restraints

20
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Figure 11. Load-displacement curves of perforated column with and without
bracing (100-80-2-h, L=1800 mm).

Figure 12. Experimental result for 100-80-2-h-1800, without bracing
restraint.

Figure 13. Deformed shapes of perforated column at failure point
(100-80-2-h, L=1800 mm). Top: Without bracing. Middle: With 2 bracings.
Bottom: With 3 bracings.
Conclusions
This paper has reported a numerical investigation on the influence of
diagonal bracing restraint on cold-formed steel perforated columns
subjected to axial compression. Finite element method (FEM) has been
employed to analyse the post-buckling behaviour of perforated columns and
has been validated by the experimental results. The results obtained from
the present model have shown that the bracing restraint has significant
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influence not only on the performance of perforated column but also on its
failure mode, and it has been observed that the positions of bracing restraint
have considerable effect on the performance and failure mode. Moreover,
the results have been proved the interaction of distortional-flexural buckling
reduces the capacity in compression of the perforated columns.
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